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Abstract 

The perovskite antiferromagnetic (Tn ~ 220 K) insulator EuNiOa undergoes at ambient pres¬ 
sure a metal-to-insulator transition at Tmi = 460 K which is associated with a simultaneous 
orthorhombic-to-monoclinic distortion, leading to charge disproportionation. We have investi¬ 
gated the change of the structural and magnetic properties of EuNiOa with pressure (up to ~ 20 
GPa) across its quantum critical point (QCP) using low-temperature synchrotron angle-resolved 
x-ray diffraction and ^®^Eu nuclear forward scattering of synchrotron radiation, respectively. With 
increasing pressure we find that after a small increase of Tn (p < 2 GPa) and the induced magnetic 
hyperhne field i?hf at the ^®^Eu nucleus {p < 9.7 GPa), both Tn and i?hf are strongly reduced and 
finally disappear at pc — 10.5 GPa, indicating a magnetic QGP at pc- The analysis of the struc¬ 
tural parameters up to 10.5 GPa reveals no change of the lattice symmetry within the experimental 
resolution. Since the pressure-induced insulator-to-metal transition occurs at piM — 6 GPa, this 
result implies the existence of an antiferromagnetic metallic state between 6 and 10.5 GPa. We 
further show from the analysis of the reported high pressure electrical resistance data on EuNiOs 
at low-temperatures that in the vicinity of the QGP the system behaves as non-Fermi-liquid, with 
the resistance changing as T'^, with n=1.6, whereas it becomes a normal Fermi-liquid, n = 2, for 
pressures above ~15 GPa. On the basis of the obtained data a magnetic phase diagram in the (p, 
T) space is suggested. 

PACS numbers: 71.30.-Fh, 62.50.-p, 71.28.-Fd, 76.80.-ky 


* kobayash@sci.u-hyogo.ac.jp 
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I. INTRODUCTION 


The study of magnetic quantum transitions in strongly correlated electron systems has 
been the subject of continuous interest due to the observation of novel ground states near/at 
the magnetic-to-nonmagnetic transition leading to quantum critical point (QCP). Known 
examples are heavy-fermion metals where non-Fermi-liquid (NFL) phases (e.g. CeCug-ajAua; 

1,[^ and YbRh 2 Si 2 j^) and unconventional superconductivity (e.g. CePd 2 Si 2 jd] and UGe 2 
appear. 

Another promising but different class of systems for such studies are strongly correlated 
transition metal oxides jo] (e.g. RMO 3 perovskites, R = rare earth ion; M = transition 
metal). The key aspect of these materials is that the interplay between spin, charge, and 
orbital degrees of freedom leads to the existence of several competing phases and in turn to 
complex and unusual phase diagrams { 7 , 8 ]. Of particular interest are magnetically ordered 
transition metal oxides, in which a metal-to-insulator (MI) transition as well a magnetic-to- 
nonmagnetic transition can be tuned by external pressure. In this context, a central issue 
is what is the impact of those degrees of freedom on the ground state properties when a 
magnetic insulator is tuned to a nonmagnetic metal across a QCP. 

In this respect, the perovskite rare earth nickelates RNiO^ {R 7 ^ La) are excellent can¬ 
didates for such studies as they exhibit an insulating antiferromagnetic (AF) ground state: 
The phase diagram of the RNiOs series is shown in Fig. 1. They display a well-defined 


MI transition at a temperature Tmi^ 
(Tmi = 130 K (Pr), cc, 600 K (Lu) 


rich increases with decreasing the size of R^^ ion 


10|). Simultaneously the lattice symmetry changes 


from orthorhombic [Pbnm) to monoclinic (P2i/n) which contains two nonequivalent Ni-sites 
(NiOe) octahedra with slightly different Ni-0 bond lengths, indicating charge disproportion¬ 
ation (CD), 2Ni3+ ^ NP+'5 + Ni^ 
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13l. 


Another though related interpretation of the phenomena occurring at the MI transition 


is the important role of oxygen holes 


14 L which play a very important role in these 


materials with negative charge-transfer gap 1^. This picture is actually very close to the 
oicture of disproportionation to more and less covalent Ni sites, proposed by Coodenough 
16 1 and in Ref. [l^. As a matter of fact, in reality both these pictures are different sides 
for the same phenomenon, with the charges on Ni sites more different for smaller rare earths 
R in the series RNiO^, and more equivalent for larger R. Further on we denote both these 
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pictures as CD. 


Recently, resonant x-ray diffraction Il9|, R aman spectroscopic studies [20| and high 
resolution x-ray absorption at the Ni iC-edge 2l| indicate the existence of CD in the whole 
RNiOa series. Moreover, very recent studies on RNiOs using soft x-ray magnetic powder 


diffraction 


22 l | demonstrate that the RNiOs compounds have very similar electronic and 


magnetic states despite the large variation of the value of their Tmi. 

At low temperatures, the transition to AF ordered state is also related to the size of the 
ion, i.e. for large ions {R = Pr and Nd) the MI transition occurs simultaneously 
with an antiferromagnetic (AF) ordering of the (Ni) sublattice (i.e. ^ Tmi), whereas 

for smaller {R = Sm —)■ Lu) ions, Tn is much lower than Tmi (e.g. for EuNiOs, Tn = 
220 K and Tmi = 463 K). The magnetic structure in the Ni sublattice of RNiOs proposed 


by neutron-powder diffraction 


HE, 


24| has a magnetic propagation vector k=(l/2,0,1/2) 


and consists of an up-up-down-down stacking of Ni magnetic moments. An alternative 
non-collinear magnetic structure with the same propagation vector is recently suggested by 


resonant soft x-ray magnetic diffraction studies on RNiOs 


3,H, 


25|. 


As mentioned above, according to the magnetic phase diagram of the RNiOs series at 
ambient pressure (see Fig. 1), the ground state changes from an antiferromagnetic insulating 
{R 7 ^ La) to a nonmagnetic metallic state {R = La) through a QCP. Figure 1 shows the 
phase diagram in terms of the tolerance factor t, which reflects the degree of distortion of 
perovskites and is determined by ratio of the relative R-0 and Ni-0 bond lengths, d^-o and 
dNi-o, t = (dH-o)/\/ 2 (dNi-o)- As the distortion is larger in for small R^~^ ions, t increases 
as the radius R^^ increases. The hgure also shows that t increases with increasing pressure. 
Regarding the effect of external pressure on Tmi and Tn in RNiO^, only few compounds have 
been investigated up to very high pressure until now, in particular the pressure dependence 
of Tn in them. While the initial change Tn (v) up to about 2.8 GPa reveals a small increase 
of Tn with pressure for R = Sm, Eu and Gd 26|, for NdNiOs and PrNiOs (Tn = Tmi) Tn is 
strongly reduced with pressure |27|, l28| and even suppressed to zero in PrNiOa across a QGP 
2fl . In the latter case a broad NFL behavior in the vicinity of the QGP has been reported 
2J. 


In this work we study the pressure effect on the structural, transport and magnetic 
properties of one of perovskite nickelates, EuNiOa. We have selected EuNiOa (Tmi = 463 K 
and Tn = 220 K) which is one of typical RNiOa compounds with Tmi > Tn and thereby allows 


4 


























one to investigate the evolution of the magnetic state under high pressure across a QCP. The 
presence of Mossbauer isotope in EuNiOa allows us to realize such an investigation at a 
microscopic level using the ^®^Eu nuclear forward scattering (NFS) of synchrotron radiation 
- a technique based on the Mossbauer effect. The application of the ^®^Eu NFS technique 
allows one to probe the magnetic state of the Ni sublattice of EuNiOs under pressure via 
the induced magnetic hyperhne (hf) held at the ^®^Eu nuclei which results from the ordered 
Ni magnetic moment. Some preliminary data which demonstrate the applicability of this 
technique on EuNiOs have been published by some of the authors elsewhere ([30|, see below). 
The present ^®^Eu NFS data on EuNiOs, in combination with low temperature synchrotron 
angle-resolved x-ray diffraction measurements up to about 20 GPa reveal a magnetic QCP 
at 10.5 GPa. Since the high pressure resistance data on EuNiOs reveal a pressure-induced 
insulator-to-metal (IM) transition at piM ~ 6 GPa [3^, the results suggest that for pressures 
between 6 and 10.5 GPa the pressure-induced metallic state is magnetically ordered. Similar 
metallic antiferronagnetic state was proposed in Ref. 3]| , and recently observed in strained 
multilayers of PrNiOs/PrAlOs 32L The presence of this state can be possibly explained by 
the picture of spin density wave 33|. As the lattice symmetry in this state in our system 
remains monoclinic, we suppose that certain CD exist in this case too, although we do not 
have dehnite proof of that. We further show from the analysis of the high pressure electrical 


resistivity data on EuNiOs 


30| that in different pressure ranges beyond the QCP both NFL 


and Fermi liquid (EL) regimes are realized. 

It is worthwhile to mention that beside RNiOs bulk samples, rare earths nickelates are 
very actively studies nowadays as thin Elms and multilayers j34j. l35| . In particular, one 
can effectively control their properties by using epitaxial strain (and spatial conhnement) 
induced by the substrate, which is rather similar, but not identical to the pressure effects 
studied in this paper. 


II. EXPERIMENTAL DETAILS 


A polycrystalline sample of EuNiOs was prepared under an oxygen pressure of 200 bars. 
Details of the preparation and characterization were published elsewhere 36|]. The ^®^Eu 
NFS experiments were carried out under pressure and at low temperature using a clamp- 
type diamond-anvil cell (DAG) on beamline BL09XU at SPring-8. The first excited nuclear 
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state of has an energy of 21.541 keV (resonance energy) and a half lifetime of 9.7 

ns. The pnlsed synchrotron radiation was monochromatized to a bandwidth of 1.8 meV at 
the resonant excitation energy of ^^^En nnclei by a high-resolntion monochromator. The 
monochromatized x-ray transmitted throngh the sample was detected with the stacked Si- 
avalanche photodiodes. The storage ring was operated in a special bnnch mode where the 
interval between snccessive single bnnches is 165.2 ns which is mnch longer than the half 
lifetime of the hrst excited nnclear state. The powder-samples were loaded with rnby chips 
into a sample cavity of a 0.5 mm diameter in a 0.2 mm thick Inconel 625 alloy gasket and 
mixtnres of methanol-ethanol as a pressnre-transmitting medinm to ensnre hydrostatic con¬ 
ditions. Pressnre was calibrated by measnring the wavelength shift of the Ri Inminescence 
line of rnby chips in the clamp-type DAC at room temperatnre. 

The x-ray diffraction data were collected nnder pressnre np to approximately 20 GPa at 8 
K by the angle-dispersive techniqne and nsing an image-plate detector on beamline BLIOXU 
at SPring-8. The incident x-ray wavelength was 0.4153 A, which was calibrated by measnring 
the x-ray diffraction pattern of Ce02 at ambient conditions. The powder-samples were 
loaded into a He-gas driven DAC with rnby chips and He as a pressnre-transmitting medinm 
to ensnre hydrostatic conditions. Pressnre was calibrated by measnring the wavelength shift 
of the Ri Inminescence line of rnby chips in the DAC at 8 K. 


III. RESULTS AND DISCUSSION 


A. High pressure nuclear forward scattering 


As mentioned above, the ^^^En NFS of synchrotron radiation allows one to probe the 
magnetic state of the Ni snblattice of EnNiOs nnder pressnre via the indnced magnetic 
hf field i?hf at the ^^^En nnclei which resnlts from the ordered Ni magnetic moment. Hhf 
originates from the exchange (transferred) held dne the admixtnre of the magnetic ijFi) 
excited state into the nonmagnetic (JFq) gronnd state. The magnitnde of depends both 
on the size and relative orientation of the Ni moments aronnd the ^^^En nnclei. The hrst 
attempt to demonstrate the applicability of this techniqne on EnNiOa has been reported in 


Ref. 


30l |. In this work the anthors only measnred two pressnre points (9.5 and 14.4 CPa) 


and detected no magnetic signal at 14.4 CPa, and thns these preliminary measnrements 
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provided no information about the pressure dependence of Tn or i?hf, which is necessary to 
construct a (p, T)-magnetic phase diagram. In the present work using the high pressure 
^®^Eu NFS technique we performed systematic measurements of the pressure dependences 
of Tn and Thf of EuNiOs and were able to locate the magnetic QCP and thus to construct 
the (p, T)-magnetic phase diagram of EuNiOs. 

Figures 2 (a) and (b) show some selected ^®^Eu NFS spectra at different pressures and 
temperatures, both in the paramagnetic stats (7.3 GPa at 300K and 10.7 GPa at 5 K) and 
magnetically ordered state (4.7, 7.3, and 9.7 GPa at 5 K). In all spectra, we observe quantum 
beats due to electric quadruple and/or magnetic hf interactions which cause splitting of the 
nuclear levels and thus lead to a constructive interference of the photons emitted from these 
energy levels. As seen in Fig. 2 (a), the frequencies of quantum beats in the ^®^Eu NFS 
spectra observed below 9.7 GPa at 5 K are higher than those in the spectrum at 10.7 GPa 
and 5 K. These high frequencies of the quantum beats come from large energy splitting due 
to magnetic hf splitting of the ^^^Eu nuclear levels in the magnetically ordered state. In 
comparison, the feature of low frequency in the ^®^Eu NFS spectrum on the paramagnetic 
state at 7.3 GPa and 300 K (Fig. 2 (b)) is similar to that at 10.7 GPa and 5 K shown in 
Fig. 2 (a). These results suggest that magnetic ordering in EuNiOs disappears at 5 K above 
10.7 GPa. 

The hts to the ^^^Eu NFS spectra were performed using the program package MOTIF 


37l |. applying the full dynamical theory of nuclear resonant scattering and including the 


diagonalization of the complete hyperhne Hamiltonian. The spectra at 5 K and 10.7 GPa 
and at 7.3 GPa and 300 K can be htted by assuming a pure electric quadrupole interaction, 
indicating a paramagnetic state in EuNiOs at 5 K and 10.7 GPa. However, the ^^^Eu NFS 
spectra in the magnetically ordered state at 5 K below 9.7 GPa were impossible to £t by 
only quadrupole interaction; therefore they were htted by assuming a combined quadrupole 
and magnetic hf interactions. In such a case, we have considered the magnetic structure of 
EuNiOs at ambient pressure dehned by the magnetic propagation vector k = (1/2,0,1/2) 
as determined by neutron-powder diffraction 2^. In this magnetic structure, the single 
Eu site is subdivided into two magnetically nonequivalent Eu sites with the ratio of 1:1. 
One Eu site is sandwiched between two [111] (in cubic setting) layers with parallel spins, 
i.e., surrounded by six Ni atoms with spin up and two Ni atoms with spin down, sees a 
transferred hf held, while the other Eu site is nonmagnetic owing to the cancellation of the 
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Ni antiparallel sublattice magnetic moments at these Eu sites 241. 

As shown in Fig. 2 (a), the NFS spectra at 5 K below 9.7 GPa were well htted by 
assuming two different Eu sites with the ratio of 1:1, that is, one half of ^®^Eu nuclei has 
i?hf with both electric quadrupole and magnetic hf interactions, and the other has a small 
electric quadrupole interaction only. Consequently, these results suggest that the magnetic 
structure in the Ni sublattice of EuNiOs does not change under pressure up to 9.7 GPa. The 
values refined at 5 K are shown in Fig. 2 (a) as a function of pressure. As seen in Fig. 
3 (a), the refined values of i?hf gradually increases with increasing pressure up to 7.3 GPa, 
passes through a maximum around 8 GPa, and then disappears at 10.7 GPa, indicating a 
suppression of Ni magnetic moments. 

To obtain the pressure dependence of Tn, we have analyzed temperature dependences 
of the ^^^Eu NFS spectra at different pressures on the basis of the fitting procedure (see 
above). Figure 2 (b) shows that the analytical spectra well reproduce the observed ones 
within the assumptions given above. The values of Tn were evaluated from the temperature 
dependence of Thf at different pressures p), using the Brillouin function with S = 

1/2. Figure 3 (b) shows the values of the pressure dependence of Tn. As it is evident from 
Fig. 2 (b), Tn slightly increases with pressure up to about 2 GPa. At higher pressures Tn 
decreases and then collapses at about 10.5 GPa, indicating the collapse of magnetic order of 
the Ni moments in EuNiOs. The initial increase of Tn with pressure {p < 2.4 GPa) is in a 


good agreement with the data of EuNiOs reported from resistivity in Ref. 


26| and reflects 


the localized character of the Ni 3(i-states in the insulating phase of EuNiOa. 

Thus, the ^^^Eu NFS results reveal that with increasing pressure both B^{ and Tn dis¬ 
appear at Pc ~ 10.5 GPa. Keeping in mind that EuNiOs displays the pressure-induced IM 


transition at piM ~ 6 GPa 


30j, this result implies that under pressure the ground state of 


EuNiOa changes from AF insulator to AF metal at piM and then to a nonmagnetic metal 
above pc- The impact of this finding on the complexity (p, T)-phase diagram of EuNiOs will 
be discussed in the following sections. 


B. High pressure synchrotron angle-resolved x-ray diffraction at 8 K 

Figure 4 shows some selected integrated x-ray diffraction patterns of EuNiOs under pres¬ 
sure at 8 K. In the inset of Fig. 4 (a), the diffraction line at ~18 deg. in the pattern 





corresponds to the (224) refraction in the orthorhombic Pbnm structure. This diffraction 
line may split to two (224) and (224) refractions in the monoclinic P2i/n structure. But, as 


it is also known from the structural data on NdNiOq 


and PrNiOq 


2l| . the monoclinic 


distortion in rare earth nickelates with larger rare earths is very small and difficult to detect 
directly. That is why it took long time, and required the use of novel, more sophisticated 
techniques, to hnally establish that also these systems i^NiOs, with larger R ions, have 


monoclinic structure at low temperatures 


18 


19 


2l|. The situation is the same in our case: 


as seen in the inset of Fig. 4 (a), we did not observe the monoclinic distortion in EuNiOa 
within our experimental resolution. All diffraction lines in the x-ray diffraction patterns are 
labeled with the indices of the orthorhombic Pbnm structure. But these results indicate at 
least that there is no other pressure-induced structural symmetry change up to ~20 GPa at 
8 K, within our experimental resolution. 


Integrated x-ray diffraction patterns were analyzed with the Rietveld rehnement program 


RIETAN-2000 


38| using the orthorhombic Pbnm structure. In each x-ray diffraction pat¬ 


tern, the regions at 26 ~ 7.2, 8.4 and 12.2 deg. were excluded from the rehnement procedure 
where very weak diffraction lines from impurity phases were observed. All integrated x-ray 
diffraction lines in the patterns up to ~20 GPa gave good hts as shown in Fig. 4. It should be 
noted that these rehnement procedures were used to derive individual atomic coordination 
parameters in addition to the lattice parameters. 


In Fig. 5 (a), we show the pressure dependence of the rehned lattice parameters of EuNiOa 
at 8 K. As shown in Fig. 5 (a), the pressure dependences of a = \/2a', b = \/26', and c = 2c' 
exhibit no discontinuity up to p < 10.5 GPa, indicating within the experimental resolution 
no structural phase transition at piM ~ 6 GPa. These pressure variations further reveal that 
the pressure dependences of a, b and c are quite diherent. With increasing pressure, the 
value of b decreases more rapidly than those of a and c and the value of a almost saturates 
at 10.5 GPa. However, no change of the lattice symmetry is observed. 


The linear compressibilities k of the lattice parameters were estimated to be Ka = 
1.11(2) xlO-^ Kfe = 2.52(3) X10-3, and Kc =1.20(1) xlO'^ GPa-^ below 10.5 GPa. The 
estimated k, value of b is twice larger than those of a and c. Furthermore, the pressure 


dependences of a and c are different from those at room temperature 


30 |. The bulk moduli 
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B below 10 GPa and above 11 GPa were evaluated based on the Murnaghan equation, 


P = |l(b)--ii, 


( 1 ) 


where Vq is the ambient-pressure volume and B' represents a pressure derivative of B. The 
solid lines in Fig. 5 (b) represent the best-htting curves obtained and the B values were 
rehned to be 195(2) and 232(4) GPa below 10 GPa and above 11 GPa, respectively. The B 


value rehned below 10 GPa is comparable with those rehned at room temperature 


30 


Of particular interest is our hnding that no change of the lattice symmetry has been 
observed in metallic magnetic ground state for piM = 6 GPa < p < Pc — 10.5 GPa. One 
possibility is that the monoclinic distortion associated with GD is too weak to be detected 
by our measurements. But the alternative is that the GD is still preserved to some extent 
also in the metallic state in EuNiOs above 6 GPa. This possibility does not contradict our 
results of ^®^Eu NFS in the AF metallic state. In this respect, we want to mention that such 
an unusual ground state has been predicted in and observed under high pressure in similar 
compounds orbitally degenerate compounds (e.g. YNiOa j31|). 

Regarding the observed anomalous pressure dependence of the lattice parameter a for 
p > Pc — 10.5 GPa, it is obvious that the anomaly of a is not related to the pressure- 
induced IM transition at piM — 6 GPa but rather corresponds to the transition from the 
antiferromagnetic metallic to a nonmagnetic metallic state at pc, i.e. at the magnetic QGP 
of EuNiOs. The origin of this anomaly will be discussed in Section G. 


C. Magnetic and electronic transitions versns structnral parameters 


In the following, we would like discuss the structural response to the pressure-induced IM 
transition and magnetic QGP in EuNiOa. In the inset of Fig. 5 (a), we show the pressure 
dependence of the effective bandwidth W as deduced from the structural parameters, which 
reveals a signihcant increase around the pressure-induced IM transition [p >p\M — 6 GPa). 
W is known to be related to the ligand-to-metal hybridization (effective tp^ hopping) and 
can be described in KNiO^ compounds in terms of the Ni-0 bond length dNi-o and the 
Ni-O-Ni bond angle 6 by the relation of kF ~ cos(7r — 6)/df^f_Q 40|. Thus an increase of W 
implies a corresponding increase of the effective hopping tpd which is expected as the system 
is tuned to a metallic state. The averaged dwi-o and 9 values of EuNiOs under pressure 
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were evaluated from the refined lattice and individual atomic coordination parameters to 
estimate the averaged W value {W) under pressure j4l|. Obviously the pressure-induced 
increase of W above the pressure-induced IM transition {p > piM = 6 GPa) reflects the onset 
of the metallic state in EuNiOs. 


On the o 
insulators {g]: 


her hand, Tn is also related to tp^ {W) through the perturbation formula for 


~ ~ I ^ + 


A Gp 
2 


, tdd - tlJ A 


( 2 ) 


where Udd is the on-site d-d Coulomb interaction energy, tdd the effective dd hoping matrix 
element, A describes the ligand-to-metal charge-transfer energy, and Upp is the Coulomb 
repulsion of the two holes at the oxygen site. As shown in Fig. 2 (b), the pressure dependence 
of Tn in the insulating phase of EuNiOs (p < piM — 6 CPa) reveals an increase with pressure 
up to about 2.4 CPa, followed by a decrease upon approaching the pressure-induced IM 
transition, whereas (W) monotonously increases in the whole insulator phase (p <Pim — 6 
CPa). Such a deviation from a linear correlation between Tn and W in magnetic insulators 
261] reflects the proximity to a crossover from localized to itinerant electronic behavior in 
EuNiOa above about 2.4 CPa. This is in agreement with the picture proposed by Zhou et 


al. 


42j to explain the pressure-induced magnetic properties in the TNiOs series. 


Now, we would like to provide an explanation of the observed anomalous behavior of the 
lattice parameter across the QCP at pc = 10.5 CPa. The pressure-induced change of the 
lattice parameter a is governed by two competing mechanisms that act in opposite ways: 

(i) the decrease of the average Ni-0 bond length (dNi-o) due to compression of the NiOe 
octahedra which leads to a gradual decrease of a with pressure; and (ii) the increase of 
the average Ni-O-Ni bonding angle (6) which results in a reduction of the tilting of NiOg 
octahedra and thereby an increase of a with pressure. We argue that below Pc = 10.5 
CPa the compression of (dNi-o) (i) is the dominating factor and prevails in the pressure 
dependence of a, leading to a decrease of a with pressure. However, at and beyond the QCP 
the compression of (dNi-o) becomes weaker and comparable to that due to the increase of (9) 

(ii) . We believe that this could be related to a corresponding change of the magnetoelastic 
coupling at and beyond the QCP. As a result, the two competing mechanisms become 
almost equal and compensate each other, causing a nearly pressure independent change of 
the lattice parameter a for p > Pc = 10.5 CPa. In such a case, one would anticipate melting 
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of the charge disproportionation in the nonmagnetic metallic state, caused by the increased 
bandwidth. 


D. Suggested (p, T)-phase diagram of EuNiOg 


On the basis of our NFS and low temperature synchrotron x-ray data, we would 

like to propose the (p, T)-phase diagram for EuNiOg, shown in Fig. 6. The overall features 
of the phase diagram can be summarized as follows: at ambient pressure below Tmi ~ 460 K 
the system undergoes a transition from the orthorhombic metallic state to a monoclinic CD 
insulating state. The insulating CD state exhibits antiferromagnetic ordering below Tn ~ 
220 K. Under pressure, this AF insulating and CD ground state changes to an AF metallic 
and CD state at piM — 6 GPa. At higher pressures the system displays a transition to a non¬ 
magnetic state at Pc = 10.5 GPa i.e. QCP. By further increasing pressure beyond the QCP, 
the system reveals NFL and FL behavior for 10.5 GPa < p < 14.8 GPa and 15.9 GPa < p < 


17.5 GPa, respectively. The identification of NFL and FL regions are based on the ana. 
of the original low temperature electrical resistance data on EuNiOg reported in Ref. 


ysi s 


3Q| 


To analyze the electrical resistance data R^bs(T), we used the power-law fitting to Ra,hs{p, 
T) of EuNiOg in the temperature range between 10 and 45 K with ARabs(T)(=-Rabs(T)--Ro) 
~ T", where n = 2 and 1 < n < 2 for FL and NFL behavior, respectively. As shown in Figs. 
7 (a) and (b), the power-law with n = 1.6 fits the experimental data fairly well for p = 11.5, 
13.2 and 14.8 GPa, indicating NFL behavior, whereas n = 2 is the best htting for 15.9 and 
17.5 GPa, corresponding to FL behavior. Our Ending of a NFL behavior in EuNiOg with 
n = 1.6 is similar to that reported from high pressure resistivity data on PrNiOg 29|. The 
authors show in addition that the suppression of the insulating state of PrNiOg (Tn = Tmi 
~ 130K ) above 1.3 GPa is accompanied by a transformation to a NFL phase in which the 
resistivity varies proportional to T” with n = 1.33 and 1.6 over a broad pressure range. In 
EuNiOg with Tn Tmi, we only observe a NFL behavior with n=1.6. 


IV. SUMMARY 

We have investigated the pressure efiect up to about 20 GPa on the structural and 
magnetic properties of the antiferromagnetic insulator rare earth nickelate EuNiOg using 


12 







low-temperature synchrotron angle-resolved x-ray diffraction and nuclear forward scat¬ 
tering (NFS) of synchrotron radiation, respectively. The ^®^Eu NFS technique allows one 
to probe the magnetic state of the Ni sublattice of EuNiOs under pressure via the induced 
magnetic hyperhne held at the ^®^Eu nuclei which originates from the ordered Ni magnetic 
moments, and thus to investigate the evolution of the magnetic state under high pressure 
across a quantum critical point. The experimental results can be summarized as follows. 

EuNiOa shows two transitions: an insulator-to-metal transition at piM — 6 GPa (already 
reported) and magnetic-to-nonmagnetic transition with a quantum critical point at pc = 


10.5 GPa. In this context, we would to refer to the recem 


: observation of similar metallic 


antiferromagnetic phase in PrNiOa strained multilayers 321. 


The analysis of the pressure dependence of the structural parameters revealed a signihcant 
increase of the effective bandwidth W, which is related to effective tpd hopping, around 
the pressure-induced IM transition (p > 6 GPa). However, we did not detect, within the 
resolution of the x-ray measurements, any anomalies in the lattice parameters at the IM 
transition at piM — 6 GPa, and have seen only slight change of the bulk modulus at the 
quantum phase transition at Pc = 10.5 GPa. This lets us suggest that most probably the 
charge disproportionation, existing in KNiO^ in the insulating phase, survives to certain 
extent also in the metallic phase. Furthermore, we have shown from the analysis of reported 
high pressure resistance data on EuNiOs at low-temperatures that in the vicinity of the 
QGP the system behaves as non-Fermi-liquid, the resistance behaving as with n=1.6, 
whereas it becomes a normal Fermi-liquid, n = 2, for pressures above ~15 GPa. Based on 
all obtained data we propose the (p, T)-phase diagram for EuNiOs, shown in Fig. 6. We 
feel that the properties of other nickelates of this class might be similar to those revealed 
here, i.e. they may be representative also for other perovskite nickelates. 
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FIG. 1. (Color online) The phase diagram of the iJNiOs series as a function of the tolerance 
factor t (see text) and external pressure, adapted from data in Refs. y, Q, [l^. PM and AF stand 
for paramagnetic and antiferromagnetic, respectively. 


17 













0 10 20 30 40 50 60 0 

Time (ns) 


10 20 30 40 50 60 

Time (ns) 


FIG. 2. (Color online) Selected nuclear forward scattering spectra of EuNiOa (a) at 5 K 

under pressures and (b) at 7.3 GPa as a function of temperature. The closed circles with error 
bars indicate the observed spectra and the red solid lines represent the best fitted curves obtained 
using MOTIF B- 
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FIG. 3. (a) Refined magnetic hyperfine field Rhf at 5 K and (b) evaluated Neel temperature Tn 


of EuNiOa as a function of pressure. At ambient pressure, Rhf was refined from the data at 3 
30 1 using MOTIF by assuming two different Eu sites with the ratio of 1:1. Lines 


K in Ref. 


through the data points are only a guide to the eye. The broken lines in (a) and (b) indicate 
the pressure-induced insulator-to-metal transition at piM — 6 GPa which is taken from the high 
pressure low temperature resistivity data reported in Ref. [30 1. 
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FIG. 4. Selected integrated x-ray diffraction patterns of EuNiOa under (a) 2.0, (b) 7.6, and (c) 
17.4 GPa at 8 K, where the crosses show the integrated x-ray diffraction intensities. The solid lines 
represent the results of Rietveld refinement fitting 


and the tick marks show the positions of all 


reflections allowed by the orthorhombic Pbnm symmetry. The differences between the integrated 
and calculated intensities are shown below the tick marks. The inset in (a) shows an enlarged 
high-angle 29 region in the pattern at 2.0 GPa, where the effect of monoclinic distortion can be 
expected. 
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FIG. 5. (Color online) (a) Refined lattice parameters, a, 6, and c, (a = ^/2o^ b = y/2b', and c = 
2c') and (b) evaluated volume, V, of EuNiOs at 8 K as a function of pressure. The broken lines in 
(a) are visual guides. The solid lines in (b) represent the fitting results based on the Murnaghan 
equation. The inset in (a) shows the pressure dependence of normalized bandwidth (IF)/(IFo) 
which was evaluated by the refined lattice and individual atomic coordination parameters under 
pressure. The broken lines in the inset are visual guides. 
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FIG. 6. (Color online) Pressnre vs. temperature phase diagram of EuNiOa. The closed red 
circles represent Neel temperature Tn evaluated by present ^®^Eu nuclear forward scattering data. 
The open squares indicate the pressure dependence metal-to-insulator transition temperature Tjm 
reproduced from Ref. |43|; extrapolated to the critical pressure (cross point at low temperatures) 


indicates the pressure-induced insulator-to-metal transition at pm = 6 GPa which is taken from 
the high pressure low temperature resistivity data reported in Ref. 30(]. Non Fermi-liquid (NFL) 


and Fermi-liquid (FL) regions above 10.5 GPa are identified from the 


temperature electrical resistance data on EuNiOa reported in Ref. 


30|. 


analysis of the original low 
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FIG. 7. (Color online) Power-law temperature dependences of electrical resistance i?abs ™ the 
pressure ranges from 11.5 to 14.8 GPa (a) and from 15.9 to 17.5 GPa (b). The closed symbols 


indicate the experimental date taken from Ref. 


30|. The solid lines represent the fitting results. 
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